Abstract: Although precise heat-capacity data at high temperatures are very important for modern technology such as nuclear engineering, space technology etc, the reliable methods of measurements up to 1000°C are scarce. We developed a new differential scanning calorimeter (DSC) for heatcapacity measurements from room temperature to 1500 K. In order to overcome difficulties encountered in hightemperature heat-capacity measurements with conventional DSC equipment, two new concepts were adopted for the design of this apparatus: a "triple-cell" system and triple-adiabatic temperature control. The heat capacities of several metals were determined from 300 to 1500 K to test the new apparatus. The heat capacities of Ni and Ti, which are known to have phase transitions were also successfully measured. The precision of the apparatus was estimated to be within i3%. Some experimental results on important nuclear fuels are also given.
INTRODUCTION
Needs for heat-capacity data at high temperatures above 1000 K are increasing in such fields as nuclear engineering, space technology, energy storage systems, etc. Measurements of heat capacity at such high temperatures have been performed mainly drop calorimetry, in which, however, heat capacity cannot be measured directly, thus a certain arbitrariness in the determination becomes unavoidable.
Differential scanning calorimetry (DSC) has been used to study the thermal behavior of materials and to determine their heat capacities. The temperature range of the heat capacity measurements, however, has as far been usually limited to below 1000 K. The main reason for this limitation is ascribed to the fact that radiation heat-loss increases with temperature and, as a result, the thermal stability and repeatability of the isothermal baseline signals become poor. For precise heat-capacity measurements at high temperatures, it is thus necessary to stabilize the temperature control and establish the isothermal baseline.
In order to overcome the difficulties encountered at high temperatures with conventional DSC, we adopted two new concepts for the desi of a new DSC; a "triple-cell" system(1) and triple adiabatic temperature 1500 K, as described below.
control, and successfully deve r oped(2) a new DSC system for precise heat-capacity measurements up to
THE NEW DSC APPARATUS
The princide of the triple-cell DSC In order to realize precise heat-capacity measurements at high temperatures, we adopted the new "triplecell" concept, first described by Wunderlich( 1). The principle of the triple-cell system is shown in Fig. 1 in comparison with conventional one. The sample section of this apparatus consists of three identical sites for sample cells; a cell with sample to be measured, a cell with reference material, and an empty cell. The temperature differences between the sample and the empty cells (AT ,) , and between the reference and the empty ( AT r) cells are detected by R-type thermocouples under a constant heating rate. The heat capacity of the sample is calculated by comparing these two signals. This measuring system eliminates the necessity of three separate runs as must be done in a conventional twincell system. Once the calibration constant is determined as the difference of sensitivity between the sample side and the reference side, the heat capacity is determined by only two separate runs including a blank (all-empty -cells) run. Thus, the heat capacity of the sample, C,, can be obtained by I "Triple-cell" DSC 1 where Cr is the heat capacity of the reference mateial, R, and R, the thermal resistance of the sample side and that of the reference side, respectively, and (R, I R,) gives the calibration constant, k.
ExDerimental set-up of the apparatus
Sample section and cells.
Schematic diagrams of the sample section are shown in Fig. 2 
Adiabatic control.
When measuring precise heat capacities at high temperatures, sufficient temperature control is most important. We therefore adopted the triple-adiabatic temperature control system to attain thermal stability in the calorimeter. The sample section is surrounded by three adiabatic walls. Platinum foils are put inside the walls in order to minimize radiation heat-loss. The innermost adiabatic wall is divided into upper and lower sections, each of which can be controlled separately to eliminate the effect of convection of inert gas. They are further surrounded by double adiabatic walls, and the thermal stability is secured by all of these adiabatic walls. It is considered that the temperature fluctuations in the sample section are within about 10.1 K during measurement.
Temperature sensing system.
A block diagram of the temperature sensing system is shown in Fig. 3 . Rtype thermocouples, 0.3mm in diameter, are used for detecting temperature differences. The Pt-wires are connected to the rear surface of the sample holders of the three cells, and the isothermal plate made of Pt13%Rh alloy acts as another contact for the wires of the thermocouples. The output signals of temperature differences between the empty side and the reference side and between the empty side and the sample side, are detected by these thermocouples with the Pt-wire connected to the sample side and a Pt-l3%Rh wire connected to the center of the isothermal plate. The thermocouple for measuring the sample temperature was calibrated using pure metals (Sn, Ag). 
Analvtical procedure
For heat capacity measurements, two different methods, a scanning method and an enthalpy method, have been used. The "scanning method" refers to heat capacity measurements in which the output signals are continuously converted to heat capacity values over the ran e of the temperature scan. The procedure is schematically shown in Fig. 4 . On the other hand, in the "entfalpy method", all the output signals during a temperature scan are inte ated to give the total enthalpy change (AH) for the given tem erature interval interval. The sequence of enthalpy runs is shown schematically in Fig. 5. ( A T ) . The quantity AH T AT is taken as the value of the heat capacity at the midpoint o P the temperature
RESULTS OF HEAT CAPACITY MEASUREMENTS

Determination of the calibration constant
The apparatus was calibrated, prior to the measurements, using the NBS reference material aAl203(SRM-720). In the calibration, the enthalpy method was used, in which the total enthalpy change of . the sample over a 25 K interval was measured with a scanning rate of 5 K M'. In order to check the difference in sensitivity between the sample side and the reference side, two pieces of the a -A1203 samples were placed on the sample side and the reference side, with the empty pan on the empty side, and the Calibration constant ( k R J R , ) was determined over the range from 300 to 1500 K. The results are shown in Fig.  6 . It can be seen that the calibration constant is roughly equal to unity below 1000 K, but it deviates slowly from unity above 1000 K with increasing temperature. This may be attributed to the change in heat transfer from conduction through the isothermal plate to radiation. The experimental uncertainty of this apparatus was considered to be within f 1-2% below 1000 K, and *2-3% above this temperature.
Be e als
Platinum and molybdenum.
The heat capacity of Pt was determined using the enthalpy method from 300 to 1500 K. The results are shown in Fig. 7 , together with the literature values(3,4). The two series of experimental results are consistent within the estimated experimental uncertainty, by about 1%. The reproducibility of the data was considered to be *2-3% over the temperature range of the measurements.
The heat capacity of Mo determined from 300 to 1500 K is also consistent with the literature values(5), within the estimated experimental uncertainty, indicating the high reliability of the new DSC apparatus. 
Yokokawa and Takahashi (4).
Nickel and titanium : the application to the heat-capacity anomaly. Heat-capacity measyements were also carried out on Ni and Ti, which are examples of materials having thermal anomalies. Nickel shows a heat-capacity anomaly caused by a magnetic transition at 631 K. The results obtained for Ni by the enthalpy method are shown in Fig. 8(a) . Measurements were carried out four times on several samples of different thicknesses, The four series of data are consistent with each other within *3%, and also agree well with the literature values (6) (7) (8) , although out data are slightly lower. Thus, even around a thermal anomaly, the heat capacity can be determined with a precision of *3% using this DSC apparatus.
The heat-capacity measurements were also carried out by the scanning method, with a long scan over the 473-673 K temperature range. The results are shown in Fig. 8(b) . The scanning method has the advantage in determining the transition temperature more exactly than the enthalpy method. The transition temperature observed in this study was 629 K.
T i b u r n is also known to have a thermal anomaly caused by a structural phase transition at around 1160 K. The observed heat-capacity values by the enthalpy method are shown in Fig. 9(a) . A sharp peak at around 1160 K was observed. Below the transition temperature, the present data are lower by 3-7% than the literature values (9,lO) . This discrepancy may be the effect of some impurities, such as dissolved oxygen. The purities of the samples used in the literature were reported to be 98.7-99.7%, less than that of the sample used here (299.9%). Dissolved oxygen in metals has been known to increase the heat capacity(l1). Furthermore, the transition peaks reported in the literature(l2) were considerably broader than that of the present result, indicating some effect of impurities. We believe that our heat-capacity values are reasonable in 
u"
c, \ this res ect. Measurements by the scanning method with a long scan over the 1073-1273 K temperature range stowed a sharp peak as shown in Fig. 9(b) . The observed transition temperature, which was determined by extrapolating the leading edge of the peak to the baseline, was 1148 K. Although this value is slightly lower than the literature values (1 155-1 160 K), this disagreement must also be attributable to oxygen impurities in the samples, as can be seen from the phase diagram of the T i -0 system(l3).
0' 0'
Nuclear amlications : Heat capacity of UO, and W.Gd)02(14)
High-temperature heat capacity of (U,Gd)02 has been paid attentions because it is one of the most important properties for the design of nuclear fuel assemblies. Figure 10 shows the results of heat-capacity measurements on U02 and U0.858Gd0.14202 fiom 300 to 1500 K. The results on U02 agree well with the literature values ( 15) , although our values are slightly lower, by about 2%. The reproducibility of the values was i2-3% over the temperature range of the measurements. This indicates that the heat capacity can be determined precisely (i2-3%) up to 1500 K, even for a sample of low thermal conductivity. The heat capacity values for the mixed oxide have almost similar temperature dependence to those of pure U02 up to 1500 K. It should be noted that we observed no thermal anomaly over the temperature region investigated, in contrast to the reported results of Inaba et al. (16) . Our results are supported by the recent report of the measurements on SIMFUEL( 17). 
CONCLUSION
A new differential scanning calorimeter (DSC) for heat-capacity measurements up to 1500 K has been developed, using a "triple-cell" system and a "triple-adiabatic" temperature control system. The heat capacities of several metals such as Pt, Mo, Ni and Ti were determined fiom 300 to 1500 K, and the precision of the heat capacity measurements was estimated to be within %3%. Using the scanning method, it was possible to determine the profile of heat-capacity anomalies. The heat capacities of U02 and gadorinia-doped U02 were also determined, and no significant thermal anomaly was observed on (U, Gd)O2 up to 1500 K.
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